The Josephson field effect rransisror (JOFET) has been widely studied since it was first proposed.r) At the first stage of JoFETs research, semiconductor materials in the dirty limit U < e) were used, €.g., p-type InAs,2) p-type Si,i) AlGaAs/GaAs heterostructure,o) and InGaAs.s) The terms / and (^are the mean free path and the normal coherence length of the semiconductor. A JOFET with a high-mobiliry semiconductor as well as a short gate length is needed to improve switching speed and power dissipation. A 0.l-pm gate-length JOFET was made by using doped p-Si.u) However, the resistance of this device is more than l0 ko which degrades switching speed.
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A Josephson junction coupled wirh a high mobility semiconductor was first achieved by using an InAs/Alsb heterostructure 7) and then an InAs-inserted-channel InAlAs[nGaAs heterostructure.t)'e) In the second device the clean limit (l > €) theory explanation for the temperature dependence of the critical supercurrent was confirmed. A Josephson junction with a high-mobility semiconductor is also important for basic study on superconducting transpons, e.g., a superconducting quantum-point contact.lo) c-4-1
In this paper we report on an InAs-inserted-channel InAlAs/InGaAs inverted modulation-doped (i-MD) heterostructure-coupled Josephson junction with a MIS-type gate. The critical current as well as the junction's normal resistance are controlled by the gate voltage. The critical current as a function of the sheet-carrier density is discussed with the proximity effect theory.
EXPERIMENT and DISCUSSION
2-1. Device fabrication Figure I shows the superconducting junction using the InAsinserted-channel i-MD structure. The heterostructure used in this study was grown by molecular beam epitaxy (MBE) on a Fe-doped semi-insulating (100) InP substrate. All InGaAs and InAlAs layers were lattice matched to Inp, and the growth temperature for all layers was about 300 'C since the critical thickness increases at lower growth temperatures. tt) According to results in our previous rcport,r2) we fixed the InAs quantum-well thickness L* at 4 nm and the insertion position Z (the distance between the InAlAs spacer layer and the InAs quantum well) at Z.S nm. The two-dimensional electron gas (2DEG) can be confined in the inserted InAs layer.13) The doping density-of the InAlAs carrier-supply layer was 4xl0r8 cm-3. First, two superconducting Nb electrodes, 100-nm thick, were defined by a lift-off process using electron beam lithography.
Chemical etching by a HF-based etchant was used to remove the 20-nm undoped InAlAs layer. The 13.5-nm undoped InGaAs layer was etched by RF sputter cleaning in an evaporation chamber. The two Nb electrodes were made on the InAs layer by electron beam deposition. The length L between Nb electrodes was chosen in the range of 0.1-1.0 pm on the same chip. The electrode width IV is g0 pm.
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We have fabricated a three-terminal Josephson junction that is coupled with an InAs-inserted-channel
InAlAs[nGaAs heterostructure. The two-dimensional electron gas (2DEG) is confined in the inserted InAs layer and it has a high mobility of 73,800 cm2lVs and a trlltr sheet-caryier density of 1.98 x l012 cnr2 at 4.2 K. The supercurrent flows through the 2DEG and can be controlled by the gate voltage. The critical cunent and the normal resistance as a function of the gate voltage are meazured and the sheet carrier density dependence of the critical curent is obtained. The experimental results for this dependence is explained by the superconducting proximity effect theory and the normal transport of the 2DEG. Next, after depositing a SiO, passivation film 0.1 pm rhick, the resist pattem for the gate portion was made by photolithography. Finally, the gate metal of Al was deposited and lifted off.
2-2. Electron transport properties of the 2DECr3) Figure 2 shows results of Hall measurements taken in the temperaturc range from 10 to 300 K. The Hall measurements were performed using the standard van der Pauw technique to obtain the mobility lt and the sheet-carrier density n" of the 2DEG. The spacer-layer thickness for each of these samples is l0 nm. For the InAs-inserted-channel i-MD structure, we have attained a mobility of 16,500 cm2/Vs at a n" of 1.96 x l0r2 cm'2 at 300 K. Furthermore, a lowtemperature (10 K) mobility of 155,000 cm2^/s at a n" of 1.86 x l0r2 crn2 was reached. These mobilities are 85Vo higher at 300 K and 250Vo higher at 10 K than those of the conventional i-MD structure. In addition, the effective mass m* of 2DEG in the InAs-inserted-channel and conventional i-MD structures was determined by Shubnikovde Haas measurement. We found that rn'=0.044 mo at n"=2.08x10r2 cm'2 for the InAs-inserted-channel i-MD structure and m'=0.051 mo at n"=1.88x10r2 cm'2 for the conventional one, where mo is the free electron mass. The effective mass of the InAs-inserted-channel i-MD structure was about 107o smaller than that of the conventional one.
The mobility improvement in InAs-inserted-channel i-MD structures is attributed to a decrease in scattering caused by ionized impurities, interface roughness, and trap impurities. This decrease results from the superior confinement of 2DEG in the InAs quantum well. where v" is the Fermi velocity and r is the elastic scattering time. The coherence length (" is given by €*=hvF?nkrT = h(2nn,)tnl2wrfkrT for the clean limit and E,,a= (fDlLrck I)tn = 1ff pn!2krTem\tn for the dirty limir, where D is the diffusion constant. The terms ilr, p, and rn' of the 2DEG in this junction are needed to compare I and (* ne. F. and m" at 4.2 K were measured from SdH as 1.98 x 1012 cm-2, 73,800 cm2fy's, and 0.050/n0, respectively. These values arc smaller than the maximum values in the preceding section, because the spacer layer thickness is thinner (6nm) and the growth condition is not optimized. From these values, the coherence length is calculated as (* = 0.98 pm for the clean limit, md €,a= 0.75 pm for the dirty limit at I K. The mean free path is calculated as 1.7 pm. Since this value is larger than both coherence lengths, it can be said that the junction for V, = 0 is in the clean-limit region. Figure 3 also shows that the normal resistance R, of the junction increases with increasing applied gate voltage. This is because not only n" but also ;r decrease by an increase in the gate voltage. It has been reported that p depends on ns in the relation 1r*n: where yis around l.r4) This indicates that / decreases more rapidly than (" and the difference between I arrd €^becomes smaller as the gate voltage increases. Therefore, we should use the general formula forthe coherence length f,, given by En = €,a x [U(t+2nkrTr lh))rn 15) This formula can be applied for both the clean and the dirty limit. The analytical expression for the superconducting critical current /" is expressed by 16) r -1 4A, fi\2 r t . r. \-z t,=*ffi(cosnaf", (r) where l,(Ol is the induced pairpotential at the S-Sm interface. This equation can also be applied to the clean limit as well as the dirty limit. Figure 4 shows the n" dependencies of /" obtained experimentally and theoretically. The term /" is normalized by that for V, = 0V. Three theoretical dependencies are obtained by inserting three coherence lengths into Eq. (1).
The relationships Rn = R* + R^, R^ = UeWn"lt are used in both the experimental and theoretical methods for obtaining the nn dependence of Ir. The term R_ is the contact resistance at the S-Sm interface and R^ is the sheet resistance of the 2DEG. The values 1.98 x 1012 cfl-2, 73,800 cm2lvs, and 0.050 m0 areatso used for n, /4 and m' atV r= 0 V, respectively.
It is assumed that R* is constant at 2.27 O and p depends on nr in the relationship ltnn" As expected, of the three theoretical dependencies, the general case explains the experimental results best. This indicates that the three terminal operations of the device can be understood by the proximity effect theory and the electron transport properties of the 2DEG.
CONCLUSIONS
We fabricated a gate-fitted Josephson junction that was coupled with a high-mobility two-dimensional elecrron gas.
The critical cunent as a function of the sheet-canier density was obtained by the three-terminal operation of the device, and was explained by the proximity effect theory as well as the normal transport characteristics of the two-dimensional gas. There is a linle controllability of the device by the gate voltage because of the thick gate-insulator layer. This is the first step to develop a three-terminal Josephson junction with a high-mobility two-dimensional gas and the controllability will be solved by constructing the gate directly on the top layer of the heterostructure.
